Human nucleostemin (NS) is a nucleolar protein involved in cell-cycle progression and ribosomal biogenesis. While four NS orthologs have been reported in Drosophila melanogaster, their roles in development have yet to be determined. Here we describe evidence that Drosophila nucleostemin 2 (ns2) plays a significant role in early eye development and is essential for cell survival in vivo.
Mammalian NS, a nucleolar guanosine triphosphate (GTP)-binding protein first characterized in adult ratbrain stem cells, plays an essential role in cell-cycle progression via interactions with p53 and the p53-specific E3 ubiquitin ligase, murine double minute 2 (MDM2). [1] [2] [3] [4] Recently, the involvement of NS in the regulation of pre-rRNA processing has also been reported. 5) In Drosophila melanogaster there are four NS family members, Drosophila Nucleostemin 1 to 4 (NS1-4). 6) NS1, the closest ortholog to human NS, has both GTPase and ATPase activities and localizes to the nucleoli in most larval and adult cells. 7) While NS2 is also a nucleolar protein, 6) little is known about its function. In contrast to the nucleolar localization of NS1, NS2, and human NS, NS3 localizes mostly to the cytoplasm and acts in serotonergic neurons to regulate insulin signaling and to exert global growth control, 6) while little is known about NS4. In the current study, we sought to elucidate the role of Drosophila NSs in early development. Because various UAS-IR lines that carry inverted repeat (IR) sequences for transgenes have been utilized as mutant strains in recent Drosophila research, we first performed RNA interference (RNAi) by using the Gal4-UAS system. 8) In these experiments, we used a tubulin (tub)-Gal4 line 9) to drive ubiquitous expression of RNAi under the control of UAS sequences. The UAS-IR lines for the Drosophila NSs were provided by the National Institute of Genetics. While downregulation of ns3 and ns4 had no effect on viability, downregulation of ns1 and ns2 disrupted development and led to death at the first instar larval stage. These results indicate that both ns1 and ns2 are essential for viability. In subsequent experiments, we focused on ns2 to elucidate its function in development.
ns2 (CG6501) is located at 54C8-9 on the cytological map (Fig. 1A) . The NS2 protein consists of 674 amino acids and contains two conserved domains: the bipartite nuclear localization signal profile and the ATP/GTPbinding site motif A (P-loop) (Fig. 1B) . For phenotypic characterization, we tried to establish ns2 deletion mutants using imprecise excision screening with the transposon P element. 10) To construct ns2 deletion mutants, since the Berkeley Drosophila Genome Project provides their collections of Drosophila strains, in each of which has been inserted a single P element in a defined genomic region, 11, 12) we selected the P{POSH EP2248 } line, which represents the line with the closest insertion of a P element to the ns2 locus. Unfortunately, we found that line ns2 #11 (Fig. 1A) , established in the screening, had lost the neighboring gene plenty of SH3s (POSH) in addition to ns2. Hence, we used the chemical mutagen ethyl methanesulfonate (EMS) to screen for point mutations. Briefly, second chromosome-isogenized y w; þ=þ males were starved for 12 h, transferred to a bottle containing filter-paper discs soaked in 25 mM EMS in 1% sucrose, and allowed them to feed for 12 h. F1 males (6,000) were then allowed to mate with both ns2 #11 and lethal POSH mutant females. In the screening, strains that generated lethal offspring of ns2 #11 but viable offspring of the POSH mutant in the next generation were selected as ns2 mutants. Thus, we established six ns2 mutant lines (Fig. 1B) . PCR amplification of the ns2 coding regions in the genomic DNA isolated from the hemizygous mutants revealed that five out of the six established ns2 mutant lines (ns2 51 , ns2 78 , ns2 57 , ns2 54 , and ns2 75 ) were stop codon mutants, while the other line ns2
108 carried a single-base substitution in ATP/GTP-binding site motif A. In these mutants, homozygotes were lethal to the first instar larvae (Fig. 1C) . Because a single-base substitution of ATP/GTP-binding site motif A in the ns2 108 mutant resulted in first instar larval mortality, our results indicate that ATP/GTP-binding site motif A is essential for proper NS2 functioning. Next we examined whether lethality could be rescued by expressing the ns2 coding sequence. We first established ns2-expressing lines y To whom correspondence should be addressed. Tel: +81-48-467-9584; Fax: +81-48-462-4678; E-mail: hyde tsune@riken.jp Abbreviations: NS, nucleostemin; GTP, guanosine triphosphate; MDM2, murine double minute 2; IR, inverted repeat; RNAi, RNA interference; UAS, upstream activation sequence; tub, tubulin; ATP, adenosine triphosphate; EMS, ethyl methanesulfonate; POSH, plenty of SH3s; EST, expressed sequence tag; FLP, flippase; FRT, flippase recognition target; ey, eyeless; GMR, glass multimer reporter using the standard P element transformation technique. 8) The EST clone SD10213, which contains the full-length ns2 coding sequence, was cloned into transformation vector pUAST.
8) The resulting construct was transformed into y w; þ=þ flies, and several UAS-ns2 lines were established. Next, using the tub-Gal4 line 9) we ubiquitously overexpressed ns2 in the homozygous ns2 mutants. In these experiments, the exogenously expressed ns2 rescued from larval lethality and allowed all of our established ns2 mutants to develop to the adult stage ( Fig. 1D and data not shown) . These results indicate that the lethality in the ns2 mutants is due exclusively to the lack of ns2 function, and that NS2 is integral for in vivo survival.
To elucidate the function of ns2 in cell growth and proliferation further, we conducted somatic mosaic analysis, 13) which involves the generation of homozygous mutant cells from heterozygous precursor cells by mitotic recombination. In the wing imaginal disc, we used a standard FLP-FRT recombination technique, 13) in which FLP expression is under the control of a heatshock promoter. In these experiments, somatic mosaic clones were induced at 37 C for 1 h in larvae of the following genotypes: hsFLP/y w; FRT 42D ubi-GFP/ FRT 42D ns2 51 (Fig. 2B) , and hsFLP/y w; FRT 42D ubi-GFP/FRT 42D ns2 108 (Fig. 2C ). As shown in Fig. 2 , we observed clones with the ns2 þ /ns2 þ genotype, but not clones with the ns2 À /ns2 À genotype (Fig. 2B and C) . Similar patterns were also observed in the eye, antenna, and leg imaginal discs (data not shown). Taken together, these results indicate that cells lacking ns2 were eliminated during development as a result of cell death, implying that ns2 is essential for cell survival in these imaginal discs. A, Genomic map of the 54C8-9 cytogenetic locus. ns2 #11 was established by imprecise excision of P{POSH EP2248 } (triangle). B, The NS2 protein consists of 674 amino acids and contains two conserved domains: a bipartite nuclear localization signal profile (white boxes) and an ATP/GTP-binding site motif A (P-loop) (gray box). A conserved motif, GxxxxGKS (black bold type), is shown in the box. Mutant lines: ns2 51 , stop mutation at Q14; ns2 78 , stop mutation at Q100; ns2 57 , stop mutation at W212; ns2 54 , stop mutation at W273; ns2 75 , stop mutation at Q315; ns2 108 , substitution at G327 with D in the GxxxxGKS of the ATP/GTP-binding site motif A (red bold type). C, Phenotypes of first instar larvae: (1) wild type (WT, Canton S), (2) ns2 51 homozygote. ns2 51 homozygous mutants grow poorly compared to WT and are lethal for first instar larvae. Anterior is up. Bar, 100 mm. D, The rescue experiment on the ns2 mutant: (1) WT, (2) y w; ns2 51 /ns2 51 ; tub-Gal4/UAS-ns2. ns2 51 homozygous mutants were rescued by overexpressed ns2. Bar, 1 mm.
I G P P N N V V D K K S S F Y Y

I G P P N N V V G K K S S
Functional Analysis of Drosophila Nucleostemin 2
Next we examined the expression pattern of the ns2 transcript in the larval stage by RNA in situ hybridization. 14) In the developing eye imaginal discs, the transcript was predominantly expressed in anterior cells up to the morphogenetic furrow (Fig. 3B) . The morphogenetic furrow is a wave that sweeps across the undifferentiated eye field from posterior to anterior, and initiates photoreceptor differentiation of undifferentiated cells. These results mean that ns2 is expressed in undifferentiated cells, implying that ns2 is related to early eye development. To examine further the role of ns2 during eye development, we differentially downregulated ns2 expression levels in the eye imaginal discs at 21 C using various combinations of RNAi and the ns2 mutants. To establish ns2-IR lines, we generated a construct containing ns2 inverted repeat sequences. The ns2 cDNA (SD10213) was amplified by PCR using primers SfiIB-CpoI 51 mutant. C, ns2 108 mutant. The genotypes of the somatic mosaic clones were ns2 þ /ns2 þ for the two copies of GFP, ns2 þ /ns2 À for the one copy of GFP, and ns2 À /ns2 À for zero GFP copies. The black areas (asterisks) indicate clones with homozygous mutations. In the control experiment using y þ instead of ns2, patches of all three types were observed ( Fig. 2A) . No clones with zero GFP copies were observed ( Fig. 2B and C) . Bar, 20 mm. Expression pattern of the ns2 transcript in the eye imaginal disc by RNA in situ hybridization with the sense probe (A) and the anti-sense probe (B). To detect ns2 expression, digoxigenin labeled ns2 probes were generated by subcloning the ns2 cDNA (SD10213) into a pCR4-TOPO vector (Invitrogen, Carlsbad, CA). T3-and T7-mediated in vitro transcription was performed to generate sense and anti-sense RNA probes. In the eye imaginal disc, the ns2 transcript was expressed in the anterior region (left portion of the image) up to the morphogenetic furrow (MF, broken line). Cells in this area are still in an undifferentiated state. Bar, 20 mm. (C-J) Inhibitory effects of ns2 downregulation on eye development.
51 , (J) GMR-Gal4 UAS-ns2-IR3/þ; UAS-ns2-IR1/þ. Decreased ns2 levels were derived from various combinations of mutation and inverted repeat expression. Anterior is to the left. Bar, 100 mm.
TTATCGGCCTGGTCA-3
0 ). The 500-bp PCR product was then excised by a combination of SfiIB and XbaI or CpoI and KpnI, and cloned at the SfiIB-XbaI and the KpnI-CpoI site of pUAST-R57 vector (GenBank AB233207) respectively. The resulting construct was transformed into w 1118 flies, and UAS-ns2-IR1 and UASns2-IR3 lines were established by the National Institute of Genetics. We checked to confirm that no off-target effect occurred in these lines (data not shown). To drive ns2 RNAi in early eye development, we used an eyeless (ey)-Gal4 line 15) that performs RNAi in the cells anterior to the morphogenetic furrow of eye imaginal discs. As shown in Fig. 3C-F , RNAi-mediated inhibition of ns2 expression caused various degrees of rough eye phenotypes. Compared to the control, inhibition by UAS-ns2-IR3 caused a faint rough eye phenotype (Fig. 3D) . In addition, the combination of mutant ns2 51 and UAS-ns2-IR3 caused a severe rough eye phenotype (Fig. 3E) . The combination of UAS-ns2-IR3 and UAS-ns2-IR1 caused even more inhibition of ns2, resulting in an extremely severe phenotype (Fig. 3F ). This indicates that inhibition of ns2 expression in early eye development can cause rough eye phenotypes. In contrast, to observe the effects of ns2 RNAi on late eye development, we used the glass multimer reporter (GMR)-Gal4 line, 16) which performs RNAi on the cells posterior to the morphogenetic furrow. Despite inhibition of ns2 expression, the adult eyes were normal (Fig. 3G-J) , indicating that ns2 plays a significant role in early eye development.
Taken together, our findings provide evidence that ns2 is necessary for normal cell survival. They also suggest that ns2 plays an essential role in early eye development.
